Abstract: Considering the importance of the chemical compounds in Arabica coffee beans in the definition of the drink sensory quality and authentication of coffee regions, the aim of this study was to evaluate, from principal component analysis-PCA-if there is a relation between the caffeine, trigonelline, and chlorogenic acid (5-CQA) content and the sensory attributes of the drink, and in this context, enabling the differentiation of cultivars in two coffee-producing regions of Brazil. We evaluated seven rust-resistant Coffea arabica cultivars, and two rust-susceptible cultivars in two cultivation environments: Lavras, in the southern region of Minas Gerais state, and Patrocinio in the Cerrado region of Minas Gerais. The flavor and acidity were determinant for differentiation of the cultivars and their interaction with the evaluated environments. Cultivars Araponga MG1, Catigua MG2, and Catigua MG1 are the most suitable for the production of specialty coffee in the state of Minas Gerais. A poor correlation was found between caffeine, trigonelline, 5-CQA contents, and fragrance, flavor, acidity, body, and final score attributes. However, these compounds enabled the differentiation of the environments. The PCA indicated superiority in the sensory quality of cultivars resistant to rust, compared to the control, Bourbon Amarelo, and Topázio MG1190.
Introduction
The high demand for specialty coffees in international and domestic markets offers a great opportunity to add value to Brazilian coffee, justifying the efforts and strategies that prioritize improving coffee quality [1] .
In this context, genetic improvement programs involving Coffea arabica are opting for improved productivity and pathogen resistance allied to drink quality [2] . According to Medina Filho and Bordignon [3] the maximum expression of quality or its specific flavor and aroma potential are basically determined by the genetic constitution of the cultivar.
Theoretically, any Arabica coffee cultivar has the potential for producing a high-quality coffee beverage. However, until recently, there have been paradigms regarding the quality of some hybrids derived from crossings of Coffea arabica and Coffea canephora and other species [2] . Based on criteria
Materials and Methods

Materials
Were evaluated seven Coffea arabica L. cultivars resistant to rust, developed by the breeding program coordinated by EPAMIG in partnership with the UFV and UFLA, and two rust-susceptible cultivars, which were used as control. The cultivars Bourbon Amarelo and Topázio MG1190 were used as benchmarks for being cultivars traditionally grown in Minas Gerais. The studied cultivars have been established in the field in a randomized block design (RBD) with three replications since 2005, in the south and in the Cerrado of Minas Gerais, corresponding to municipalities of Lavras and Patrocinio, respectively (Table 1) . For a better presentation of the discussion and results, the cultivars were coded as C1-Pau Brasil MG1; C2-Paraíso MGH419-1; C3-Sacramento; C4-Araponga MG1; C5-Oeiras MG6851; C6-Catigua MG1; C7-Catigua MG2; C8-Topázio MG1190, and C9-Bourbon Amarelo, and the environments were classified as A1-Patrocinio and A2-Lavras.
Methods
Harvesting and Processing
The coffee cherries were hand-picked and wet processed, yielding peeled cherry coffee (CD). The drying was held immediately following the peeling process in which 8 L of peeled cherry coffee, from each plot, were arranged uniformly in 1 m 2 sieves with screened bottoms on paved yard. The samples were turned 20 times per day until the beans reach an average of 11% water content (wb). After the drying process the samples were processed and the intrinsic and extrinsic defects removed, minimizing any interference that is not inherent in the genetic material or the cultivation environment.
Roasting and Sensory Analysis
The roasting and sensory analysis were performed on flat beans retained in sieve 16 and above, based on the protocols described by the Specialty Coffee Association of America-SCAA. The temperature (160˝C-200˝C) and time of roasting were monitored with thermometers and chronometers in the time range of eight and 12 min. For sensory analysis, a panel of three trained judges evaluated ten sensorial attributes (fragrance/aroma, consistency, absence of defects, sweetness, flavor, acidity, body, balance, finish, and overall impression), which were recorded on a scale of 0 to 10 points, according to the SCAA [8] . The final sensory score was generated from the sum of the evaluated attributes and specialty coffees are considered those scoring 80 or more points. The descriptions of the sensory characteristics of each sample and analyzed by the judges in accordance with the SCAA protocols were also recorded, allowing a better characterization of cultivars.
Chemical Analysis
The extraction of bioactive compounds caffeine, 5-CQA, and trigonelline were conducted according to a methodology adapted from Vitorino et al. [9] by Malta and Chagas [10] . These compounds were determined simultaneously, using high-performance liquid chromatography (HPLC). The system operated with a Shimadzu Prominence injection valve model SIL 20AHT with a 20 µL fixed loop and Shimadzu processor. It used a Shimadzu C18 Shim-pack CLC-ODS (M) reverse column (5 µm, 4.6 mmˆ150 mm), with a 4 µm pre-column. Elution was isocratic with the mobile phase consisting of methanol: acetic acid: water (25:0.5:74.5), flow rate 1 mL/min at 30˝C. The final concentration of caffeine, trigonelline, and 5-CQA were expressed as a percentage of dry matter based on the standard curve of each compound evaluated.
Statistical Analysis
The results of the sensory attributes, final scores, caffeine, trigonelline, and 5-CQA were subjected to analysis of variance (ANOVA) and, on detecting significant differences in the F test, the Scott-Knott test was used at 5% significance. The data were also subjected to multivariate analysis to better understand the effect of the variables. Principal component analysis (PCA) was used for the discrimination of the samples, starting from the interaction between cultivars and environments, resulting in the grouping of scores according to the sensory attributes and chemical composition. For this analysis we used the statistical software R [11] .
Results and Discussion
Sensory Analysis
The two first principal components explained 93.25% of the variability in responses, showing satisfactory explanation of the variation seen among samples in relation to sensory parameters ( Figure 1 ). The first principal component suggests similarity among points, forming three distinct cultivar x environment groups: the first group (I), with points allocated in the central area of the biplot (A1C1, A1C3, A1C5, A1C9, A2C2, A2C3, and A2C8); the second group (II) with the points allocated in the left portion of the biplot (A1C2, A1C4, A2C1, A2C4, A2C5, A1C7, A2C7, A1C6, and A2C6) and a third group positioned in the lower right portion of the biplot (A1C8 and A2C9).
It can be seen that the coffees belonging to Group III (Bourbon Amarelo and Topázio MG1190, in Lavras and Patrocinio environments, respectively) had low correlation with fragrance, taste, acidity, and body and also lower final scores when compared to Group II. These cultivars used as controls for the standard drink and for being cultivars susceptible to rust, showed low correlation with the evaluated sensory attributes, always placing in Group I and III, regardless of the environment studied. Figueiredo et al. [12] , from multivariate analysis, also found that the Bourbon genotypes are expressed differently from a sensory point of view, even though the Bourbon cultivar is known worldwide for the production of specialty coffees. For Ferreira et al. [13] not every Bourbon coffee genotype has the same potential for producing special coffee.
Chalfoun et al. [14] , on evaluating the sensory characteristics of different Arabica coffee cultivars, also found a superiority of cultivars resistant to rust, compared to the Topázio MG1190 cultivar in Patrocinio. is known worldwide for the production of specialty coffees. For Ferreira et al. [13] not every Bourbon coffee genotype has the same potential for producing special coffee.
Chalfoun et al. [14] , on evaluating the sensory characteristics of different Arabica coffee cultivars, also found a superiority of cultivars resistant to rust, compared to the Topázio MG1190 cultivar in Patrocinio. It can be seen that the coffees grouped to the left of the biplot (Group II) showed greater intensity of fragrance, flavor, acidity, and body ( Figure 1 ) and also higher final scores ( Table 2 ). All cultivars allocated in this group had scores above 84 points and, therefore, have potential for production of specialty coffees in the study sites, highlighting the cultivar C7 (Catigua MG2) in Lavras (A2), which had 86.92 points.
Based on Group II, was observed that the cultivars C4, C6, and C7 (Araponga MG1, Catigua MG1, and CatiguaMG2, respectively) had good sensory expression, regardless of the culture environment, in the sense that these cultivars appear all in a group associated with sensory attributes. As for the C1 and C5 cultivars (Pau Brasil MG1 and Oeiras MG6851) they are expressed best when grown in Lavras and the cultivar Paraíso MGH419-1 (C2) in Patrocinio.
The separation of the points of cultivars and environments into the three distinct groups was considered based on the fact that the genetics of the plant and the environment where it is grown are directly related to the definition of the sensory drink quality [10] .
The chemical composition and the drink quality of traditional and hybrid cultivars of C. arabica in different countries of Central America were evaluated by Bertrand et al. [15] , and the authors also noted that, depending on the planting site, some cultivars, sensorially, had better results than others, whether they are hybrid or not. According to Scholz et al. [16] the same cultivar has different behaviors in different locations, it not being possible to associate specific sensory characteristics for each cultivar. It can be seen that the coffees grouped to the left of the biplot (Group II) showed greater intensity of fragrance, flavor, acidity, and body ( Figure 1 ) and also higher final scores ( Table 2 ). All cultivars allocated in this group had scores above 84 points and, therefore, have potential for production of specialty coffees in the study sites, highlighting the cultivar C7 (Catigua MG2) in Lavras (A2), which had 86.92 points.
The chemical composition and the drink quality of traditional and hybrid cultivars of C. arabica in different countries of Central America were evaluated by Bertrand et al. [15] , and the authors also noted that, depending on the planting site, some cultivars, sensorially, had better results than others, whether they are hybrid or not. According to Scholz et al. [16] the same cultivar has different behaviors in different locations, it not being possible to associate specific sensory characteristics for each cultivar. The sensory scores of three jugdes showed that the cultivar Sacramento MG1 (C3), even obtaining scores above 80 (Table 2) , did not show positive correlation with the sensory attributes fragrance, flavor, body, and acidity in both studied environments, always being allocated in Group I. This behavior was also observed by Scholz et al. [16] , though with different cultivars. The authors report that the IPR 100 and IPR 104 cultivars had lower correlation with the aroma and body attributes in the two environments. This shows that genetics is one of the factors that determine the drink quality of Arabica coffee [17] . Thus, special care is recommended in conducting this cultivar, Sacramento MG1, in both coffee regions studied, to better express its sensory attributes.
The attributes fragrance, flavor, acidity, and body were important in the discrimination of coffees, thus characterizing the first principal component (Table 3 ) and all of them are correlated between them (Table 4) . It is possible to verify the behavior of cultivars, from a sensory point of view, by means of the scores of each sample point, which is formed by the cultivar x environment interaction. Moreover, it can be seen in Table 3 that the first principal component, which has highest proportion of variance explained by data, has the final score with the highest standard deviation and high correlation between another attributes (Table 4 ). This means that the first component is viewed as a quality coffee indicator according to its sensorial attributes. The fact of all variables are correlated is an important aspect in principal component analysis, however, is necessary to be checked if the correlation matrix is significantly different from zero by the Bartlett test [18] . Then, using the correlation matrix in Table 4 , it has showed that the null hypothesis that the correlation matrix is an identity was rejected (p < 0.05).
Figures 2 and 3 present the scores of genotype x environment interactions for the first (PC1) and second principal component (PC2), respectively.
For PC1, the A2C7 coffee (Catigua MG2/Lavras) showed a higher negative score, therefore being the coffee with the better sensory attribute and final scores, followed by A2C4 (Araponga/Lavras) coffee. In this case, the Lavras environment, when combined with Catigua MG2 and Araponga MG1 cultivars, stands out for the production of specialty coffees. According to results demonstrated presented by Chagas, Malta and Pereira [19] based on data from 22 cities, the southern region of Minas Gerais has favorable soil and climatic characteristics for the production of top quality coffees.
The A2C8 (Topázio/Lavras), A1C6 (Catigua MG1/Patrocinio) and A1C2 (Paraíso/Patrocinio) coffees can be considered as intermediate coffees, because their scores showed values close to zero.
Furthermore, according to Figure 2 , cultivar A2C9 (Bourbon/Lavras) had the highest positive score, and is thus the coffee with the worst sensory and final scores. The second principal component can be viewed as a comparison of fragrance and acidity scores with the flavor and body scores, because the correlations between these attributes has shown opposite magnitudes and signals. This means that high scores of the first pair imply low scores for the second pair, according to the adjusted coefficients of the second major component (Table 3 and Figure 3) . Thus, coffees which received similar scores for all four parameters have scores near zero and can be described as coffees with balanced scores. The A1C6 coffees (Catigua MG1/Patrocinio) and A2C4 (Araponga MG1/Lavras) have this characteristic. The A2C7 coffee (Catigua MG2/Lavras) had high values for flavor and body while the A2C5 coffee (Oeiras MG6851/Lavras) showed higher A2C9  A1C3  A1C8  A1C5  A1C1  A2C2  A2C3  A1C9  A2C8  A1C6  A1C2  A2C6  A2C1  A1C7  A2C5  A1C4  A2C4  A2C7 PC1 Score pair, according to the adjusted coefficients of the second major component (Table 3 and Figure 3) . Thus, coffees which received similar scores for all four parameters have scores near zero and can be described as coffees with balanced scores. The A1C6 coffees (Catigua MG1/Patrocinio) and A2C4 (Araponga MG1/Lavras) have this characteristic. The A2C7 coffee (Catigua MG2/Lavras) had high values for flavor and body while the A2C5 coffee (Oeiras MG6851/Lavras) showed higher values for the fragrance and acidity attributes (Figure 3) . attributes and the final sensory score. C1 = Pau Brasil MG1; C2 = Paraíso MGH419-1; C3 = Sacramento; C4 = Araponga MG1; C5 = Oeiras MG6851; C6 = Catigua MG1; C7 = Catigua MG2; C8 = Topázio MG1190; and C9 = Bourbon Amarelo; A1 = Patrocinio, A2 = Lavras.
The second principal component can be viewed as a comparison of fragrance and acidity scores with the flavor and body scores, because the correlations between these attributes has shown opposite magnitudes and signals. This means that high scores of the first pair imply low scores for the second pair, according to the adjusted coefficients of the second major component (Table 3 and Figure 3) . Thus, coffees which received similar scores for all four parameters have scores near zero and can be described as coffees with balanced scores. The A1C6 coffees (Catigua MG1/Patrocinio) and A2C4 (Araponga MG1/Lavras) have this characteristic. The A2C7 coffee (Catigua MG2/Lavras) had high values for flavor and body while the A2C5 coffee (Oeiras MG6851/Lavras) showed higher values for the fragrance and acidity attributes (Figure 3) . The cultivar A2C7 (Catigua MG2/Lavras) was described by the three judges as a great coffee, sweet, pleasant, with a sweet caramel aroma, and slight acidity with creamy and velvety body, very A2C7  A2C3  A2C2  A1C3  A1C5  A1C9  A2C8  A1C1  A1C6  A2C4  A2C6  A2C1  A1C7  A1C4  A1C2  A2C9  A1C8  A2C5 PC2 Score The cultivar A2C7 (Catigua MG2/Lavras) was described by the three judges as a great coffee, sweet, pleasant, with a sweet caramel aroma, and slight acidity with creamy and velvety body, very sweet fruity flavor, reminiscent of honey and dried fruit. The cultivar A2C4 (Araponga MG1/Lavras) was described as a balanced coffee with floral aromas, lively acidic, and sweet with a soft, velvety body and caramel and milk chocolate flavor.
Sensory and Chemical Analysis
As a next step, this work aimed to relate sensory attributes with chemical characteristics. Thus, it has proceeded to principal component analysis by adding other variables related to bioactive compound results for coffee types analyzed.
The first principal component suggests similarity between points, forming three distinct cultivar and environment groups (Figure 4) . The first group (I), with points allocated in the left area of the biplot (A1C4, A2C4, A2C5, and A2C7); the second group (II) with the points allocated in the right areas of the biplot (A1C1, A1C3, A2C3, A1C5, A1C8, A2C8, A1C9, A2C9, and A2C2) and a third allocated group in central area (A2C1, A1C2, A1C6 , A2C6, and A1C7).
The principal component analysis shows that there was counter correlation between the sensory attributes and final sensory score with bioactive compounds caffeine, trigonelline, and 5-CQA. The coffees placed in Group I correlated better with the sensory attributes and final sensory score, and coffees placed in Group III showed intermediary correlation with both parameters. However, the coffees belonging to Group II did not show good correlation with the two parameters evaluated in this study. (A2C1, A1C2, A1C6 , A2C6, and A1C7) .
The Avelino et al. [20] , in studies of quality coffees of two Costa Rica terroirs also report, from the principal component analysis, that it is not possible to correlate these chemical compounds with sensory attributes, and perhaps other chemical compounds, such as amino acids and proteins, would be better related to the attributes in question. Corroborating with the results observed, Franca, Mendonça, and Oliveira [21] , analyzing the sensory quality of coffee drinks and Bertrand et al. [15] , studying different varieties of C. arabica with bioactive compounds, also found no significant relationship between trigonelline and 5-CQA levels and coffee quality. Barbosa et al. (2012) found a negative correlation of caffeine, trigonelline, and 5-CQA, especially the 5-CQA, with the drink quality in work with coffees in the state of Minas Gerais. Avelino et al. [20] , in studies of quality coffees of two Costa Rica terroirs also report, from the principal component analysis, that it is not possible to correlate these chemical compounds with sensory attributes, and perhaps other chemical compounds, such as amino acids and proteins, would be better related to the attributes in question. Corroborating with the results observed, Franca, Mendonça, and Oliveira [21] , analyzing the sensory quality of coffee drinks and Bertrand et al. [15] , studying different varieties of C. arabica with bioactive compounds, also found no significant relationship between trigonelline and 5-CQA levels and coffee quality. Barbosa et al. (2012) found a negative correlation of caffeine, trigonelline, and 5-CQA, especially the 5-CQA, with the drink quality in work with coffees in the state of Minas Gerais. The correlations of each characteristic (PC1) and chemical (PC2) are negative ( Table 5 ), indicating that high values of these parameters imply low values of the predicted scores. In the same way that has been seen in sensory analysis, the final score presented the highest standard deviation and high correlation between another sensory attribute. However, the sensory attributes presented poor correlation with bioactive compounds (Table 6 ) and high correlation with the second principal component ( Table 5) . As in the first case, the first component is viewed as a quality coffee indicator according to its sensorial attributes and the second component is viewed as a chemical compounds coffee indicator. Using the correlation matrix in Table 6 , it has showed that the null hypothesis that the correlation matrix is an identity was rejected (p < 0.05).
It can be seen that sometimes coffees with high sensory scores exhibited lower, as well higher, values of these chemical compounds (Figures 5 and 6 ). For example, cultivar C4 (Araponga MG1) exhibits this behavior, and when combined with environment A1 it has lower values of these chemicals and in the environment A2, higher values. However, for the two environments studied it presents higher sensory scores. This behavior was also observed for the C2 cultivar (Paraíso MGH419-1); however, in both environments evaluated, the sensory scores were lower, which denotes the interaction between genes and the environment. A2C9  A1C3  A1C8  A2C3  A1C1  A1C5  A2C2  A1C6  A1C9  A1C2  A2C8  A2C6  A1C7  A2C1  A2C5  A2C4  A1C4  A2C7 PC1 Score The cultivar C7 (Catigua MG2), identified as one of the cultivars with better characteristics for the production of specialty coffees from both environments, showed higher values (negative direction of the graph) for the compounds caffeine, trigonelline, and 5-CQA, and higher values for the sensory attributes and final sensory score ( Figures 5 and 6 ), indicating the possibility of a positive relation between the variables studied.
Farah et al. [22] reported the relationship between the quality of the beverage and trigonelline content of the raw fruit. The authors found that a reduction of trigonelline levels resulted in reduced beverage quality. However, Figueiredo et al. [12] report that the relationship between sensory quality The cultivar C7 (Catigua MG2), identified as one of the cultivars with better characteristics for the production of specialty coffees from both environments, showed higher values (negative direction of the graph) for the compounds caffeine, trigonelline, and 5-CQA, and higher values for the sensory attributes and final sensory score ( Figures 5 and 6 ), indicating the possibility of a positive relation between the variables studied.
Farah et al. [22] reported the relationship between the quality of the beverage and trigonelline content of the raw fruit. The authors found that a reduction of trigonelline levels resulted in reduced beverage quality. However, Figueiredo et al. [12] report that the relationship between sensory quality of coffees and trigonelline, caffeine, and 5-CQA content is still quite contradictory and that further studies on these compounds and their relation with cup quality are required.
It was also observed that there was a distancing between points when considering the variables jointly, i.e., interactions evaluated did not show good similarity. The A1C9 and A2C9 points, A1C8 and A2C8, A1C3 and A2C3 (Group II), and A1C4 and A2C4 points (Group I) presented this characteristic, since even with being allocated the same groups, they remained far apart. Therefore, these data indicate that the chemical compounds caffeine, trigonelline, and 5-CQA were appropriate discriminators of the environments evaluated, but were not been able to distinguish among genotypes.
As observed in the present study, the caffeine, trigonelline, and chlorogenic acid content allowed the discrimination of Santa Maria de Dota and Orosi environments in Costa Rica [20] and Naranjal, Paraguaicito, and Rosário in Colombia [23].
Conclusions
The Arabica coffee cultivars, resistant to rust, from the Timor hybrid are potential producers of specialty coffees, especially the Catigua MG2 and Araponga MG1 cultivars evaluated, independent of the environment evaluated.
There is interaction between the genotype and the environment for some cultivars in relation to cup quality and bioactive compounds.
The caffeine, chlorogenic acid, and trigonelline content did not have a good relationship to the sensory attributes. These compounds discriminated Lavras and Patrocinio environments, but were not able to discriminate cultivars.
